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ARTICLE INFO ABSTRACT

Keywords: An archetypal anti-inflammatory compound against cytokine storm would inhibit it without suppressing the
I“ﬂam'matlon innate immune response. AG5, an anti-inflammatory compound, has been developed as synthetic derivative of
Cytokine storm andrographolide, which is highly absorbable and presents low toxicity. We found that the mechanism of action of
COVID-19 . I . s s .

Androgranholide AGS5 is through the inhibition of caspase-1. Interestingly, we show with in vitro generated human monocyte
Dexaniﬂfasone derived dendritic cells that AG5 preserves innate immune response. AG5 minimizes inflammatory response in a

mouse model of lipopolysaccharide (LPS)-induced lung injury and exhibits in vivo anti-inflammatory efficacy in
the SARS-CoV-2-infected mouse model. AG5 opens up a new class of anti-inflammatories, since contrary to
NSAIDs, AG5 is able to inhibit the cytokine storm, like dexamethasone, but, unlike corticosteroids, preserves
adequately the innate immunity. This is critical at the early stages of any naive infection, but particularly in
SARS-CoV-2 infections. Furthermore, AG5 showed interesting antiviral activity against SARS-CoV-2 in human-
ized mice.

Innate Immunity

1. Introduction greatest challenge ever faced by modern medicine and public health
systems worldwide. From the earliest descriptions it was clear that the

The pandemic of coronavirus 19 disease (COVID-19), caused by the high morbidity and mortality was due to dysregulation of the innate
severe acute respiratory syndrome coronavirus (SARS-CoV)— 2, is the immune system leading to an exuberant pro-inflammatory cytokine and
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chemokine response causing acute respiratory distress syndrome, with
systemic inflammation, septic shock, and multi-organ failure [1]. In a
large non-anonymized randomized clinical trial (RECOVERY), low-dose
dexamethasone decreased mortality in patients receiving invasive me-
chanical ventilation or oxygen alone, but not in those not requiring
ventilatory support [2]. Early initiation of corticosteroid therapy was
also associated with a higher 28-day mortality rate [3]. Systematic re-
views and meta-analysis conducted to evaluate the effect of corticoste-
roids in patients with mild COVID-19 concluded that the administration
of corticosteroids in patients with COVID-19 not requiring oxygen was
harmful [4]. This effect of glucocorticosteroids early in the disease ap-
pears to be due to the weakening of innate antiviral immunity, resulting
in delayed viral clearance and adverse outcomes in severe viral pneu-
monias [5-7]. Nonetheless, the use of anti-inflammatory drugs in
COVID-19 is a valuable therapeutic strategy, and anti-inflammatory
drugs are currently at the top of the list of repurposed drugs for the
treatment of patients with moderate to severe COVID-19 [8].

Therefore, the aim of this study is to develop a low-toxicity anti-in-
flammatory compound that, like glucocorticosteroids, would control the
cytokine/chemokine storm, but would allow the innate immune system
to respond to viral, bacterial, or parasitic infections. Such a compound
would be more of an immunomodulatory agent than a mere inhibitor of
the entire immune system.

A shortcut to develop a new drug is to use the derivative of a natural
compound, which originally has been used for centuries in traditional
medicine. Hence, this strategy could increase the probability of avoiding
toxicity. We selected andrographolide, the active principle of the
Andrographis paniculata plant, endemic of certain regions in India, Sri
Lanka, and other areas in South East Asia to start a systematic study of
different synthetic derivatives. Andrographolide is a diterpenoid lactone
anti-inflammatory agent widely used in clinical practice in Asian
countries, even though its oral biodisponibility is limited due to huge
first-pass metabolism and low water solubility [9].

In the context of respiratory diseases, andrographolide has clinically
shown ability to reduce pro-inflammatory mediators release such as NO,
IL-1p and IL-6, as well as prostaglandins PGE2 and TXB2 and the allergic
mediator LTB4 without antihistamine effect, contributing to improve
symptoms in patients with respiratory infections [10]. Andrographolide,
unlike corticosteroids, does not inhibit the adrenocortical axis, has no
adverse effects on bone or muscle and does not interfere with carbo-
hydrate or lipid metabolism. The metabolism of andrographolide is not
completely elucidated, but according to urine analysis [11] and studies
in human liver microsomes [12], it seems that regioselective glucor-
onidation is the most important metabolic route in humans for
andrographolide transformation after incorporation to systemic circu-
lation, leading to mostly inactive compounds. Conversely, androgra-
pholide sulfonation is a minor transformation pathway in humans,
whereas in rats is the most important metabolism pathway [13,14].
From a therapeutic point of view, the sulfonic derivative presents sig-
nificant advantages, as it is expected to notably increase the
anti-inflammatory activity, also improving the pharmacokinetic profile
with regard to the original chemical [14-16]. For this reason, a pre-
liminary short screening in a series of andrographolide derivatives was
performed. They were all synthesized and tested within an inflammatory
scenario associated to viral infections, by determining IL-6 expression in
a transgenic zebrafish larvae model infected with Spring Viremia of Carp
Virus (SVCV), from which 14-deoxy-12(R,S)-sulfoandrographolide
(named AG5) was selected as the most valuable compound. Subse-
quently, we evaluated by in vitro testing AG5 anti-inflammatory
mechanism and immunomodulatory activity, followed by an in vivo
therapeutic study of AG5 anti-inflammatory action in two mouse
models, lipopolysaccharide (LPS)-induced lung injury study, and
SARS-CoV-2 infection study. Finally, we have determined the toxico-
logical profile of this novel drug in different animal models.
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2. Materials and methods
2.1. Materials

Complete description of chemical reagents, cell lines, virus and
experimental animals used in this work is provided at the Supporting
Information.

2.2. Synthesis of andrographolide derivatives

14-deoxy-12(R,S)-sulfo-andrographolide (AG5) has been synthe-
sized, purified and characterized starting from andrographolide (Fig. 1
and Fig. S1). Scaling up preparation process into a Technical Batch has
been carried out by GalChimiApplus chemical company (Bellaterra,
Spain). Briefly, andrographolide (10 g) was dissolved in 200 mL of 95%
ethanol on heating at reflux (1 h, to ensure complete dissolution of the
andrographolide) (solution 1). To 40 mL of NaSO3 1 M, 48 mL of 2%
H,S04 (wt/wt) and 80 mL of water was added (solution 2). Solution 1 (at
75 °C) was poured into solution 2 (at 75°C) and refluxed for one hour.
The reaction solution was allowed to cool up to room temperature. The
pH value of the reaction solution was adjusted to 6-7 by adding 2%
H3SO4 (v/v), and the solution was led to dryness in a rotary evaporator
under reduced pressure (67 mbar) and water bath (60 °C). Subsequently,
the residue was dissolved with 100 mL water, followed by a three-fold
extraction with same chloroform volume (3 x100 mL). Then, the iso-
lated aqueous layer was evaporated to dryness in a rotary evaporator (67
mbar, 60° C). This residue was re-dissolved in 100 mL of methanol and
filtered using a Buchner Funnel Vacuum Filtration with a Whatman filter
paper 42. The supernatant was evaporated to dryness in a rotary evap-
orator (337 mbar, 60° C), freeze-dried (—55 °C, 16 h) and finally purified
by High Performance Flash Chromatography (HPFC) in a Biotage®
Selekt unit, by using a reversed-phase column (Biotage® Sfar C18 D Duo
100 A 30 um 120 g). Separation of the pure compound was carried out
with acetonitrile 100% (250 mL/min, 45 min). The recovered liquid
phase was evaporated under reduced pressure (223 mbar, RT) and
finally freeze-dried (—55 °C, 16 h), yielding a white powder (14-deoxy-
12(R,S)-sulfo andrographolide, yield = 30-35%). Characterization is
provided at the Supporting Information.

The synthesis and characterization of the other andrographolide
derivatives, 3,14,19-Triacetylandrographolide (AG3, Fig. 1B) and 14-
Deoxy-11,12-Didehydroandrographolide (AG4, Fig. 1C) is provided at
the Supporting Information.

2.3. Invitro validation of AG5 anti-inflammatory activity

2.3.1. Inhibition of caspase-1 by AG5

In other to determine the intracellular AGS5 anti-inflammatory
mechanism, THP-1 monocyte cells (American Type Culture Collection,
ATCC, USA) were seed into 24-wells cell culture plates with 0.5 mL of
cell suspension in each well (10° cells/mL). THP-1 is a human leukemia
monocytic cell line, which has been extensively used to study monocyte/
macrophage functions, mechanisms, signaling pathways, as well as
nutrient and drug transport. This cell line has become a common model
to estimate modulation of monocyte and macrophage activities. This is
very relevant in the case of studying responses in the innate immune
system [17]. Differentiated cells were pre-treated during 1 h with the
andrographolide or AG5 (10 uM) and then stimulated with LPS
(100 ng/mL). After 2 h, a second stimulus was added, ATP (5 mM) for
1h. Untreated and unstimulated controls were also included.
Caspase-Glo 1 Inflammasome Assay kit (Promega) was used to deter-
mine the ability of andrographolide and AG5 to modify the activity of
the enzyme caspase-1. This activity was tested in the supernatant of
differentiated THP-1 cells treated and stimulated as described above.
The Z-WEHD substrate was reconstituted to prepare the Caspase-Glo 1
Reagent and MG-132 inhibitor (a proteasome inhibitor) was added to a
final concentration of 60 pM in the assay. The half of this mixture was
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Fig. 1. Chemical structure of andrographolide derivatives. AG1: andrographolide. AG5: 14-deoxy-12(R,S)-sulfo-andrographolide. AG3: 3,14,19-triacetylandrogra-

pholide. AG4: 14-deoxy-11,12-didehydroandrographolide.

transfer to a separate tube, and the Ac-YVAD-CHO inhibitor (a selective
inhibitor of the enzyme caspase-1) at a final concentration of 1 M was
added. Before starting the assay, the reagents were equilibrated to room
temperature. Cell culture medium from each well of the experimental
plate (50 pL) was transferred to a white 96-well plate and Caspase-Glo 1
reagent was immediately added (50 pL) to a half of the wells containing
the transferred culture medium, in the other half of the plate containing
the same samples, the Caspase-Glo 1 YVAD-CHO reagent was added to
confirm the caspase-1 activity. The plate was incubated at room tem-
perature for 1 h for the luminescent signal to stabilize and measures
were made every 30 min for 3 h using the GloMax Discover Microplate
Reader (Promega). The measurements of blank wells were subtracted
from the rest of the experimental wells. Released IL-1p cytokine was
determined in the supernatants by Enzyme Linked-Immuno-Sorbent
Assay (ELISA, see Supporting Information). Three independent experi-
ments were performed, with 3 biological replicates.

2.3.2. AG5 modulation of immune response

Human monocyte derived dendritic cells (moDC) were plated with
the required stimuli at the following concentrations: LPS (1 pg/mL) or
Poly (I:C) (30 pg/mL). After 1 h, AG-5 (10 pM) or dexamethasone
(10 pM) were added. Untreated and unstimulated controls were also
included. Released cytokines after 24 h treatment were analysed in su-
pernatants by ELISA. Three independent experiments with 3 biological
replicates were performed.

2.4. In vivo validation of AG5 anti-inflammatory activity

2.4.1. Validation in transgenic zebrafish model

We carried out a preliminary short screening in a series of androg-
rapholide derivatives synthesized and tested for treatment of inflam-
matory disease associated to viral infection, by determining IL-6
expression in zebrafish larvae model infected with SVCV. For compar-
ative purpose, the parent andrographolide (AG1) was also tested. Fish
care and challenge experiments were reviewed and approved by the
CSIC National Committee on Bioethics. Bath concentration of androg-
rapholide and derivatives was adjusted according to their water solu-
bility pattern: AG1l, AG3 5 pM; AG4, AG5 10 pM. For microinjection
experiments, larvae were anesthetized by adding two drops of a 0.05%
MS-222 solution to a Petri plate with a volume of 10 mL of water.
Zebrafish were euthanized using a MS-222 overdose (500 mg/l_l). The
infections of larvae with SVCV were conducted by microinjection in the
duct of Cuvier (2 nL of SVCV suspension, 5 x 10* TCID50/mL). Zebrafish
larvae at 2 days post fertilization (dpf) were firstly treated with
andrographolide derivatives by bath during 96 h, using 6-well plates
with 14 larvae/well (3 biological replicates), and no toxicity (e.g., larvae
mortality) was observed in any case. Subsequently, zebrafish larvae at 3
dpf were treated with andrographolide derivatives by bath during 24 h
and then infected with SVCV or treated with culture medium. After 24 h
larvae were harvested to analyse the viral replication and the expression

levels of IL-6 gen by one-step quantitative real-time polymerase chain
reaction (RT-qPCR). The experiment was done in triplicate, with 4
biological replicates and 5 larvae/replicate).

To further understand the effects of AGs in inflammation we used a
zebrafish model of inflammation resolution, in which neutrophils can be
followed in transparent larvae during the resolution phases of inflam-
mation following tissue injury or an infection. For this purpose, Tg(lyz:
DsRed2) transgenic larvae (3 dpf) were microinjected in the duct of
Cuvier with 2 nL of a solution with SVCV and the corresponding
andrographolide derivative for the infected and treated groups, SVCV
and PBS for the infected and untreated groups, or cell medium and PBS
for the uninfected and untreated groups. After 2 h of this microinjection,
images of whole larvae were taken. Two different experiments were
carried out, with 8 larvae/group.

Moreover, we also evaluated the anti-inflammatory effects of
andrographolide and derivatives in the transgenic line Tg(mpx:GFP).
Briefly, at 3 dpf the tails were cut with a razor and then the larvae were
immersed in water containing the corresponding andrographolide de-
rivative for the treated groups and or without them for the control
groups. The resolution of neutrophilic inflammation was assessed
counting neutrophils (GFP+ cells) number after 24 h at the site of injury.
The experiment was done in duplicate, with 8 larvae/group.

Larvae images were taken in a Nikon AZ100 fluorescence micro-
scope. Larvae were anaesthetized with a 0.01% of MS-222 solution. The
immune cells labelled (LYZ+ cells) in the transgenic line were counted
using a macro of ImageJ program, whereas neutrophil migration to the
regenerative tissues was determined after 24 h and photographed with a
Nikon DS-Fil digital camera. Additional features of zebrafish testing,
viral load quantitation and cytokine determination are provided at the
Supporting Information.

2.4.2. Vadlidation in a mouse model of LPS-induced lung injury

A total of 60 male BALB/c weighing 21 + 1 g (7 £+ 1 week-old) were
used; the animals were divided into groups of 12 each (n=12). All
animals, except mice in the sham control group, received LPS in sterile
PBS (~80 pg/kg, 2 pg in 20 uL per mouse), which was given IT under
anesthesia by 2 — 3% isoflurane. The animals in sham control group
received PBS instillation (20 pL/mouse) without LPS challenge. AG5
was formulated in phosphate buffered saline (PBS), pH 7 at 3 and 6 mg/
mL for intravenous (IV) administration. Dexamethasone was dissolved
in DMSO/Solutol® HS-15/PBS (5/5/90, v/v/v) at 0.5 and 1 mg/mL for
IV administration. AG5 or Dexamethasone, alone or in combination, was
administered IV at O h (right after LPS challenge), and at 24, 48 and 72 h
after LPS (four doses). The dosing volume was 10 mL/kg for IV route. At
76 h after LPS challenge (4 h after the last administration), the animals
were humanly euthanized. Blood and BALF samples were taken for
cytokine quantitation by ELISA (see Supporting Information) from half
of the mice in every group (mice# 1-6). For the other half of the animals
in each group (mice# 7-12), whole lungs (5 lobes) were harvested and
kept in 4% formalin for histopathology.
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2.4.3. Validation in the SARS-CoV-2-infected mouse model

Experimental infections were performed in the biosafety level 3
(BSL-3) facilities at Centro de Investigacion en Sanidad Animal at
Instituto Nacional de Investigacion y Tecnologia Agraria y Alimentaria
(CISA, INIA-CSIC). A total of 23 six-week old heterozygote female mice
from INIA-CSIC colony of humanized transgenic mice, expressing the
human angiotensin-converting enzyme 2 (hACE2) under the control of
the human cytokeratin 18 (K18-hACE2) in a C57/BL6 genetic back-
ground [18], were used. Animals (n = 5-6) were anesthetized under
isoflurane and inoculated daily with a single dose of 30 mg/kg AG-5 (IV
by retro-orbital injection), 50 mg/kg remdesivir twice per day (s.c.),
AG-5 and remdesivir, or drug vehicles as a control. Treatment started 2 h
before infection. For infections, animals were anesthetized under iso-
flurane an infected intranasally (i.n.) with 5 x 10* plaque-forming units
(pfu) of SARS-CoV-2 D614G isolate hCoV-19/Spain/SP-VHIR.02,
D614G(S). This dosage of SARS-CoV-2 was selected on the basis of our
previous experiments as it induced extensive expression of proin-
flammatory cytokines in the lungs and results in high lethalithy in
K18-hACE2 infected-mice [18,19]. A prophylactic dose of AG5
(30 mg/kg) was intravenously administrated 2 h before virus challenge
followed by continued dosing once per day (QD) for 3 more days.
Remdesivir dose was given twice a day (BID) by subcutaneous injection
and maintained until second day post-infection (dpi), as described [20].
Animals were monitored daily for weight and clinical signs. Mice were
euthanized 3 h after the last dose. Furthermore, in order to emulate the
standards of care in COVID-19, another group received AG5 (30 mg/kg)
in combination with the antiviral remdesivir (50 mg/kg) [21,22]. Con-
trol groups were treated with vehicle or remdesivir. After end point,
mouse right lungs were harvested, for quantification of viral load and
released cytokines by RT-qPCR (see Supporting Information). Moreover,
the entire left lung was removed from each K18-hAC2 mouse and
immersion-fixed in 4% buffered formalin solution for 48 h for the his-
topathological study.

2.4.4. Lung histopathological analysis

The histopathological examination was carried out according to
standard techniques, and the severity of lung lesions was graded ac-
cording to described methods [23,24]. Lungs were removed from each
mouse and immersion-fixed in 4% buffered formalin solution. After
fixation period, samples were routinely processed and embedded in
paraffin blocks that were then sectioned at 4 ym thickness on a micro-
tome, mounted onto glass slides and routinely stained with hematoxylin
and eosin (H&E). To assess the presence and severity of histopatholog-
ical lesions, lung inflammation parameters based on previous reports on
SARS-CoV-2 infection in mouse models were used [24]. The histopath-
ological parameters evaluated were the follows: alveolar haemorrhages;
alveolar oedema; perivascular oedema; alveolar septal thickening
(interstitial pneumonia); inflammatory cell infiltration in alveoli;
bronchi/bronchioles with epithelial necrosis, detached epithelium or
inflammatory cells in the lumen (bronchitis/bronchiolitis); peri-
bronchial/peribronchiolar and perivascular mononuclear infiltrates;
cytopathic effect in pneumocytes or syncytia; pleural thickening. The
histopathological parameters were graded following a semi-quantitative
scoring system as follows: (0) no lesion; (1) minimal lesion; (2) mild
lesion; (3) moderate lesion; (4) severe lesion. The cumulative scores of
histopathological lesions provided the total score per animal. In each
experimental group, the individual scores were used to calculate the
group average. In addition, H&E-stained sections were visually scored
0-6 based on the percentage of lung area affected by inflammatory le-
sions as follows: 0% of the lung injured (score 0); < 5% of the lung
injured (score 1); 6-10% (score 2); 11-20% (score 3); 21-30% (score 4);
31-40% (score 5); more than 40% of the lung injured (score 6). In each
experimental group, the individual scores were used to calculate the
group average. All values represent mean + SEM in individual groups.
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2.5. AGS5 toxicological profile

2.5.1. Intrinsic clearance of AG5 in hepatocytes

In order to validate the animal models used in the AG5 toxicology
study, which allows translating the preclinical results into the clinical
use, we carried out a comparative study in human (mix gender), rat
(Sprague-Dawley) and rabbit (New Zealand White) cryopreserved he-
patocytes through determination of the intrinsic clearance, according to
standard techniques [25]. Three independent experiments with 3 bio-
logical replicates were carried out. Additional experimental details can
be found at the Supporting Information.

2.5.2. AGS5 in vivo toxicological profile in rat and rabbit model

AGS toxicological preclinical profile under good laboratory practices
(GLP) was evaluated according to ICH guideline M3 (R2) over rat
(Wistar, 19 females and 15 males) and rabbit (New Zealand, 4 female
and 4 male), at the facilities of Drug Development Unit of the Uni-
versidad de Navarra (DDUNAV, Pamplona, Spain). All procedures were
approved by the Ethical Committee for Animal Experimentation of the
University of Navarra and carried out in accordance with the ethical
protocol CEEA 001-20. The studies were planned in two phases: a first
phase (Phase I) in which the dose administered was increased or
decreased depending on the results of morbidity of the previous animal;
and a second phase (Phase II) in which specific doses were administered
daily for one week in a larger number of animals and in both sexes.
Additional description of the toxicological study is provided at the
Supporting Information.

2.6. Statistical analysis

All calculations for in vitro testing were performed using one-way
ANOVA analysis and a Bonferroni test correction was applied. Data
were compared two by two, using repeated measures for each condition.
For the preliminary study in transgenic zebrafish model, gene expression
results are represented graphically as the mean + standard error (SE) of
the biological replicates. Data were analysed using the Mann-Whitney U
test. For the LPS-induced lung injury, unpaired Student’s t-test was used
for comparison between the sham and vehicle control groups. One-way
ANOVA followed by Dunnett’s test were applied for comparison be-
tween treated groups and vehicle control groups. For the SARS-CoV-2-
infected mouse model, virus burden and cytokine determination, data
were analyzed by two-way ANOVA and Dunnet’s multiple comparison
to compare the means from each experimental group against vehicle
group mean. For the analysis of histopathological scores, unpaired t-test
was used to assess differences between experimental groups. All graphs
were generated using GraphPad Prism 7 software. Statistical differences
are displayed as *p<0.05; **p<0.01; ***p<0.001;
*#% p < 0.0001.

3. Results

AG5 compound was identified as a novel anti-inflammatory drug
after a short screening of many andrographolide derivatives tested
within an inflammatory scenario associated to viral infection in a
transgenic zebrafish larvae model. Fig. 1 shows the compounds which
showed significant activity, including the parent andrographolide.

3.1. Preliminary screening of andrographolide derivatives in transgenic
zebrafish model

A significantly lower expression of the SVCV N gene was observed
when the larvae were treated with AG1, AG4 and AG5, compared to the
untreated control larvae (Fig. 2A). The larvae treated with AG3 did not
show these differences in replication. The infection with SVCV produced
an increase in the expression of IL-6 gen, and the AG4 and AGS5 treat-
ments also significantly decrease it (Fig. 2B). In the study of neutrophil
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Fig. 2. Preliminary screening of andrographolide derivatives in transgenic zebrafish model. Bath concentration of andrographolide and derivatives was adjusted
according to their water solubility pattern: AG1, AG3 5 pM; AG4, AG5 10 pM. A. SVCV N gene expression in larvae treated with AG1, AG3, AG4 or AG5 and infected
with SVCV, compared to the untreated control (Ctr) (n = 3). B. IL-6 gene expression in larvae treated with AG1, AG3, AG4 or AG5 and infected with SVCV, compared
to the untreated control (Ctr), or the uninfected and untreated control (UN Ctr) (n = 3). C. Total number of immune cells labelled (Lyz+ cells) in larvae (3 dpf)
infected with SVCV and treated with AG1, AG3, AG4 or AG5, compared to the untreated control (Ctr), or the uninfected and untreated control (UN Ctr) (n = 2). D.
Neutrophil migration to the regenerative tissues in the transgenic line Tg(mpx:GFP, 3 dpf) after cutting larvae tail with a razor and treatment with AG5 compared to
the untreated group (Ctr) (n = 2). E. Images of whole larvae taken under the fluorescence microscope. F. Image of neutrophil migration to the regenerative tissues

24 h after challenge. Data are means + SD.* p < 0.05; ** p < 0.01.

migration under SVCV infection an increase in the total number of
Lyz+ cells was observed when the larvae were infected with SVCV.
However, the treatment with the different andrographolide derivatives
was able to decrease this number during the viral infection (Fig. 2C).
Moreover, When we analyzed the inflammatory effect caused by a
wound in the tail of the larvae and the number of neutrophils that come
to the wound site were counted using the transgenic line Tg(mpx:GFP),
only AG4 and AG5 treatments were capable of successfully decrease this
inflammatory stimulus after 24 h, when the resolution of the inflam-
matory response is desirable to avoid detrimental effects for the or-
ganism (Fig. 2D-F).

3.2. AGS inhibits caspase-1 and modulates innate immune responses in
vitro

AGS5 acted over the inflammasome by reducing caspase-1 activity.
Since caspase-1 activity leads to processing and releasing of relevant
pro-inflammatory cytokines such as IL-1p, we wanted to check how the
AGS5 treatment interfered with this process. To this end, human mono-
cites THP-1 cell line was treated with AG5 and subjected them to
different inflammatory stimuli, such as bacterial lipopolysaccharide
(LPS) in combination with adenosine triphosphate (ATP), a second
stimulus that promotes inflammasome activation. The specific inhibitor
of the caspase-1, Ac- YVAD-CHO, was also included for detection of
caspase-1 activation. As a positive control, treatment with androgra-
pholide was also carried out over activated cells. As expected, stimula-
tion with LPS increased caspase-1 activity, and treatment with
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andrographolide was able to decrease this activity, but not AG5. How-
ever, when a major inflammatory stimulus was tested, combining LPS in
a first stimulus and a second stimulus with ATP, THP-1 cells exhibited a
much higher caspase-1 activity. Under these conditions, AG5 treatment
significantly decreased such caspase-1 activity (Fig. 3A). The amount of
cytokine IL-1p protein produced under such stimuli was also quantified.
LPS stimulus alone did not increase IL-1f secretion, however, when the
double LPS-ATP stimulus was used, a higher amount of IL-1f was
observed, which was significantly reduced by AG5 treatment (Fig. 3B).

In an effort to better understanding AG5 mechanism of action in cells
from the immune system, primary dendritic cells (DC) responses were
studied in AG5 presence. For the purpose of comparison, dexamethasone
was included in same conditions as a representative steroid with marked
immunosuppression activity [26]. DC are the major professional antigen
presenting cells, serving as a hub for initiating and shaping the nature of
the immune responses through cytokine secretion together with pro-
cessing and presentation of antigens to specific T-cells [27]. Secretion of
cytokines defined not only DC activation status but also the signals
delivered to other cells in the immune system triggering adaptive im-
mune responses [28,29]. When moDC were stimulated via toll-like re-
ceptor 4 (TLR4) with LPS, used as a surrogate for bacterial infections
[30], AG5 was able to significantly reduce IL-10 and IL-12, but to lower
extent than dexamethasone (Fig. 3C-D). No alterations due to AG5 were
observed in IL-1B, IL-6 or TNFa secretion, whereas dexamethasone
strongly reduced IL-1p levels (Fig. 3E-G). On the other hand, when
toll-like receptor 3 (TLR3) activation with polyinosinic:polycytidylic
acid (Poly I:C) was used for mimicking viral infections and inducing
antiviral immune responses [30], AG5 only reduced IL-1f levels,
whereas dexamethasone significantly diminished all cytokines tested.
Noteworthy, when no other stimuli were present, AG5 significantly
reduced IL-12 and IL-6 and in the latter case to similar levels than
dexamethasone (Fig. 3D and F). These results indicated that AG5
immunomodulation not only showed a different pattern of secretion on
moDC than dexamethasone, but also different pattern of cytokine
inhibition.

3.3. AG5 minimizes inflammatory response in a mouse model of LPS-
induced lung injury

Given the particular AG5 immunomodulatory properties shown in in
vitro systems, its activity was tested in experimental mice models. AG5
was evaluated for its possible inhibitory effects on LPS-induced pul-
monary neutrophilia in male BALB/c mice. AG5 (30 mg/kg) was
administered intravenously immediately after the LPS intratracheal
instillation, and mice received AG5 continued dosing once per day for 3
more days. Animals were euthanized 4 h after the last administration,
and bronchoalveolar lavage fluid (BALF) and serum samples were har-
vested for IL-1B, IL-6, and TNFa level determination. Moreover, lung
tissue samples were collected for histopathological evaluation by he-
matoxylin and eosin (H&E) staining. Similar to previous in vitro ex-
periments, dexamethasone (5 mg/kg) was used as positive control for
anti-inflammatory therapy (Fig. 4A).

Following LPS instillation, levels of pro-inflammatory cytokines IL-
1p and IL-6 and TNFa elevated sharply in BALF and serum. These effects
were attenuated by AG5 or dexamethasone, reducing significantly levels
of IL-1p in BALF or IL-1f and IL-6 in serum (Fig. 4B-E). However,
whereas dexamethasone eliminates TNFa from serum, no effect was
observed under AG5 treatment. This apparent discrepancy supported
the rationale of a distinctive immunomodulation activity of AG5,
without a full suppression of the primary immune response.

LPS challenge involved significant histopathological alteration in
lung tissue with multifocal to diffuse inflammatory cell infiltration as
major lesions, indicating the successful induction of lung inflammation
(Fig. 4F). Severity of lung injury was markedly reduced with AG5 or
dexamethasone as compared to the vehicle-treated group. They both
also limited the extension of inflammatory cell infiltration.
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Histopathological scores also showed that AG5 (2.2/5) and dexameth-
asone (1.6/5) significantly alleviated lung tissue damage as compared
with their control vehicle-treated mice counterparts (2.8/5) (Fig. 4G)
[23]. Remarkably, AG5 action was not as dramatic as dexamethasone.

3.4. AGS5 exhibits in vivo anti-inflammatory efficacy in the SARS-CoV-2-
infected mouse model

On the basis of the above mentioned anti-inflammatory activity, and
under the health emergency created by the COVID-19 pandemic, we
aimed at elucidating the in vivo efficacy of AG5 in an established animal
model of SARS-CoV-2 infection, K18-hACE2 mouse [24,31]. After viral
challenge, mice were treated with vehicle, AG5 or AG5 + remdesivir
(Fig. 5A). Viral burden in the lungs was quantified by RT-qPCR for each
experimental group (Fig. 5B). A reduction of about 1 log unit in lungs of
SARS-CoV-2 viral load in the lungs was found in AG5-treated mice as
compared with vehicle-treated animals. No additive effect was found
when AG5 was combined with remdesivir. However, remdesivir-treated
mice exhibited a reduction of 1.5 log units relative to vehicle-treated
animals.

Lower levels of mRNA expression of pro-inflammatory cytokines (IL-
1B and IL-6) were detected in the lungs of SARS-CoV-2 infected mice
treated with AG5 or with AG5 + remdesivir (Fig. 5C-D) as compared
with vehicle-treated group. Conversely, such reduction was not
observed in animals treated only with remdesivir, supporting the spe-
cific cytokine inhibition by AG5. Histopathological evaluation of lung
sections (Fig. 5E) confirmed that SARS-CoV-2-challenged vehicle-
treated mice displayed moderate to severe inflammatory lesions, which
were strongly minimized in all treated groups. Analysis of histopatho-
logical scores indicated a significant decrease of lung inflammation in
AG5-treated mice and AGS5 + remdesivir-treated mice over mice
receiving vehicle only (Fig. 5F). Furthermore, remdesivir alone reduced
lung inflammation as a secondary effect of SARS-CoV-2 inhibition of
replication, as already shown for other antivirals [32]. In addition,
AGS5-treated group showed a reduction in the percentage of lung area
with lesions as compared with their control (vehicle) (Fig. 5G).
Remarkably, some AG5-treated mice showed the lowest inflammatory
scores and the lowest percentages of lung area with lesions. All in all,
these experiments showed that AG5 combines antiviral and
anti-inflammatory activity against SARS-CoV-2 infection, besides being
able to modulate the innate immune response.

3.5. AGS5 shows good toxicological profile

AGS toxicological preclinical profile under good laboratory practices
(GLP) was evaluated according to ICH guideline M3 (R2) over one ro-
dent animal model (rat, Wistar), and a non-rodent mammal model
(rabbit, New Zealand White). According to 7-day dose research finding
(DRF) studies, the maximum tolerated dose (MTD) was stablished at
30 mg/kg for mouse and rat, and 15 mg/kg for rabbit. No lethality in
any of the animals was observed at these dose ranges, and no alterations
were detected in the clinical examinations [33]. No change in hemato-
logical or biochemical parameters was observed in any of the animals. In
any case, the post-mortem pathological evaluation of tissue samples
(kidneys, spleen, heart, liver, thymus and ovaries/testes) from all the
animals did not show any damage. Finally, no weight loss was reported
in any of the animals. All data corresponding to these studies are pre-
sented in the Supporting Information (Tables S1-512).

Animal models were validated by determination of the intrinsic
clearance assay over cryopreserved hepatocytes of human, rat and
rabbit [34]. No relevant differences were found in the hepatic meta-
bolism of AG5, the result obtained of intrinsic clearance at 120 min was
96.4 for human, 81.9 for rat and 85.3 for rabbit, which results in a CLjy¢
of 1.2, 1.7 and 1.7, in human, rat and rabbit, respectively (Table S13).
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Fig. 4. AG5 minimizes inflammatory response in a mouse model of LPS-induced lung injury. A. Schematic of LPS challenge of BALB/c mice model and sample
collection after end-point. Mice (n = 12) were sensitized by intratracheal instillation with 2 pg LPS in 20 uL phosphate buffer saline (PBS) per mouse and intra-
venously treated with either 30 mg/kg AG5 or 5 mg/kg dexamethasone (DMX) once daily for 3 days. Animal were humanly euthanized 4 h after the last dose. B to E.
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from the other six animals in each group (mice #7-12), formalin fixed, paraffin-embedded and 5 um sections stained for hematoxylin and eosin. Regions where
inflammation was detected are indicated by arrows. G. Semi-quantitative lesion score of the pulmonary inflammation according to [24]. * p < 0.05; ** p < 0.01;
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4. Discussion

The outbreak of SARS-CoV-2 pandemic inspired many research and
clinical teams to screen clinically approved anti-inflammatory drugs, as
dexamethasone, in an attempt to reduce the mortality rate among
COVID-19 patients with severe respiratory and systemic issues [2].
However, adverse effects of glucocorticoids on innate immunity, espe-
cially in COVID-19 outpatients, was prominent [4]. A study on
SARS-CoV-2 infected golden Syrian hamster used as preclinical model
and treated with a combination of methylprednisolone and remdesivir,
confirmed that such anti-inflammatory activity of steroids is over-
shadowed by its anti-clearance effect at the early stage of infection [35].
Conversely, from the very beginning, our strategy was to obtain an
immunomodulatory drug able to inhibit the cytokine storm with mod-
erate influence over the primary immune response.

In this sense, a preliminary study of different andrographolide (AG1)
synthetic derivatives over zebrafish larvae infected with SVCV, showed
that AG4 and AG5 compounds were the best candidates to successfully
decrease the inflammatory stimulus. Moreover, as AG5 is a known
metabolite of AGl with high absorption rate at the duodenum and
jejunum [14], we chose this molecule for the further therapeutic and
toxicology study.

The TLR4 signaling pathway initiated by LPS triggered immune
response, emulating infection of cells by microorganism, involves in-
duction of NF-kf family of transcription factors and, subsequently,
activation of inflammation-related genes encoding pro- and anti-
inflammatory cytokines. NF-kp regulates expression of a wide spec-
trum of genes critically associated to inflammation and innate immunity
[30,36]. Here, caspase-1 has a key role in NF-xf activation and TNFa
production in response to TLR4 stimulation [37,38]. We have shown
AGS5 performance as strong caspase-1 inhibitor under a major inflam-
matory stimulus and, therefore, it is plausible to think that AG5 mode of
action went through selectively targeting NF-xp transcriptional activity
to reduce cytokine secretion. These results were also consistent with the
mechanism of inflammation attenuation described for natural androg-
rapholide, which inhibits NF-xf activation through covalent modifica-
tion of reduced cysteine 62 of p50 [39].

The fact that AG5 differentially modulates immune activity in DC,
instead of a radical immunosuppression, providing better therapeutic
perspective that any glucocorticoid treatment, which administration
timing impacts dramatically the overall response rate, not only in viral
infections, but also in cancer immunotherapy [26,40]. Among the cy-
tokines secreted by moDC, TNFa, IL-1 and IL-6 are considered
pro-inflammatory  cytokines  whereas IL-10 is considered
anti-inflammatory cytokine [41]. Conversely, IL-12 p70 is considered an
important link between innate resistance and adaptive immunity.
Among IL-12 functions are included regulation of T-cells and natural
killers (NK) responses by favouring Tyl differentiation and IFNy in-
duction [42]. Importantly, AG5 reduced IL-12 secretion but to lower
extent than dexamethasone. In addition, the fact that AG5 reduced IL-10
secretion upon TLR4 stimulation and IL-1p upon TLR3.

stimulation suggested an immunoregulation pathway different from
dexamethasone that remains to be explored. Consequently, any alter-
ation on cytokine secretion by DC will have an impact on subsequent
adaptive immune responses so it is plausible to think that effector
lymphocytes will be affected by AG5-induced pattern of cytokines
secretion by DC.

Antiviral efficacy of AG5 against SARS-CoV-2 is related with the
primal compound andrographolide, which has shown to inhibit SARS-
CoV-2 replication over Calu-3 cells in a dose-dependent manner [43].
Furthermore, computational studies showed that andrographolide
covalently links to the main protease (MP™) of SARS-CoV-2 [44,45],
encoded by the nsp5 gene and involved in production of functional
polyproteins for maturation in host cells [46], which reduces virus
replication. This mechanism has also been proved recently for antiviral
drug S-217622, currently in a phase 3 clinical trial [47]. AG5 was less
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efficient as antiviral than inhibitors of RNA-dependent RNA polymerase
(RdRp) already approved for clinical use in COVID-19 therapy, as
remdesivir [48] and molnupiravir [49], however, its antiviral activity is
complemented by favouring the immune response against the infection.

Toxicity studies under GLP conditions, confirmed 30 mg/kg dose in
mouse and rat, and 15 mg/kg in rabbit as the maximum dose to be tested
in preclinical testing (MTD) without discovering any toxicological alert
to monitor. Validation of the animal models by determination of the
intrinsic clearance in cryopreserved hepatocytes was informative in
establishing safety margins and guiding selection of first in human (FIH)
dose and human efficacious dose [50].

AG?5 also presents additional advantages over the parent androgra-
pholide, such as lower hepatic degradation and quick renal elimination,
which provides a satisfactory toxicological profile [15,51]. Intrinsic
clearance (CLip) in human cryopreserved hepatocytes of AGS5 is
1.2 uL/min/mg, whereas the reported value for andrographolide in
human liver microsomes is 6.2 pL/min/mg [52]. In addition, AG5 sol-
ubility is almost 2 orders higher than andrographolide [53], which
notably improves bioavailability. Taken together the anti-inflammatory
and antiviral performance shown here by AG5 together with its pre-
clinical tolerability, proves that AG5 has potential for translation into
clinical trials in treatment of cytokine storm associated to infectious
diseases, being COVID-19 the most immediate example. The selected
patient niche must be outpatients with bilateral pneumonia caused by
SARS-CoV-2, who receive AG5 alone or in combination with an antiviral
(e.g., remdesivir), should the phase I trial over healthy adults prove the
concomitant administration of both drugs is safe.

Beyond COVID-19, many potential applications of great interest are
opened for AG5. For example, novel immunotherapeutic strategies
including CAR-T cells and bispecific T cell engagers, redirect T cells
toward tumor cells, facilitating the formation of a cytotoxic synapse and
resulting in subsequent tumor cell killing, which triggers a release of
pro-inflammatory cytokines, generating a Cytokine Release Syndrome
(CRS) [54]. The incidence of CRS is around 80-90% in patients with
hematological malignancies treated with these novel T-cell therapies,
but it is usually well controlled with tocilizumab, an IL-6 antagonist that
can precisely block interleukin-6 (IL-6). If this therapy fails to control
CRS, corticosteroids are the second step. In fact, novel strategies directed
to mitigate CRS are considering the possibility of the prophylactic use of
tocilizumab. Since AG5 is a potent inhibitor non-steroidal anti-in-
flammatory and selective immune regulator (with a marked IL-6
inhibitory effect) that preserves innate immunity, it could be a very
attractive drug, due to its excellent safety profile, for investigation on
CRS prophylaxis programs.
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